The damage behavior of fused silica optics induced by stimulated Brillouin scattering (SBS) was studied theoretically and experimentally based on a coupled-wave theory. The SBS-induced damage mechanism was systematically investigated by analyzing the evolutions of the Stokes-light intensity and induced stress as a function of laser pulse shape, thickness, and surface reflectance of the optics. The results show that the SBS-induced damage often occurs on the front surface of the fused silica optics. The Tophat beam has the most effect on an SBS-induced damage, followed by a focused Gaussian pulse. SBS effect is strongly thickness dependent, which is associated with the gain length. The SBSinduced damage can be efficiently suppressed by decreasing the surface reflection of the optics. Good agreements are obtained between the experimental and theoretical results, which strengthen our understanding of the damage mechanism of fused silica and provide a favorable reference for developing high-power laser systems.
Theoretical and Experimental Research on Laser-Induced Damage of Fused
Silica Optics Due to Stimulated Brillouin Scattering
Introduction
High-Power laser systems have been significantly developed for large-scale physical experiment as well as engineering application in the field of high-power density science such as Inertial Confinement Fusion (ICF). However, these systems are nearly always limited by the output ability due to laser-induced damage (LID) of optical components, e.g., fused silica optics [1] , [2] . For decades, great efforts have been done to understand the nature of LID on fused silica surface [3] , [4] . Absorption of sub band-gap light by defects near the surface can induce laser damage, and these defects generally result from the grinding and polishing processes [5] , [6] . At very high-intensity pulse fluence, damage also can be induced by nonlinear effects such as Kerr effects and SBS effects [7] , [8] . For narrow band lasers, the mechanical stress damage driven by the effect of stimulated Brillouin scattering (SBS) plays an important role. The root cause of this damage is due to the electrostriction strain produced by an intense pump light (electromagnetic wave) propagating in the optical components. This strain excites acoustic waves on which a Stokes wave scatters a significant amount of energy. For powerful pump beams, the Stokes wave can convey high enough fluence to trigger damage in fused silica [9] . The response time of SBS effect is in the range of several nanoseconds, which is corresponding to the pulse width of pump light in ns lasers. Therefore, SBS-induced damage is becoming a serious problem for fused silica optical components working in ns-scale UV laser systems [10] , [11] . Moreover, SBS is more likely to complicate the measurements of damage threshold and other nonlinear effects in optical components irradiated at high laser fluence [10] , [12] . It has been well established that the damage thresholds for rear surface are nearly always two to five times lower than that for the bulk when the fused silica optics are exposure to focused laser pulses [13] . This reduction might result from the fractured defects in the subsurface layer produced during the polishing process or the residual polishing compounds chemically bound to the surface or embedded in the surface [14] , [15] . Moreover, plasma shielding effect can also increase the surface damage probability due to the heat absorption in local high-temperature region [16] . Last but not the least, when the beam focus is behind the rear surface of the optics, the focal spot size on the rear surface is relatively smaller than that in the bulk resulting in higher energy density, which is also responsible for this trend. In contrast, the SBS-induced damage usually occurs in the bulk or near the front surface of fused silica, especially when the optics are irradiated at very high laser fluence. Several studies have reported the inherent relationship between SBS and the damage of optical materials from experimental phenomena [17] , [18] . However, the damage mechanism is still unclear since the physical process of SBS-induced damage is substantially complexed in time and space. Besides, some important issues have not been systemically discussed and concluded in the previous studies. For example, most studies focus on a single pulse shape, but it is rarely reported on other common pulse shapes, such as tophat beam, Gaussian pulse and focused Gaussian pulse. Moreover, the thickness and surface reflectance of the optics are very sensitive to optical damage performance, but few studies have involved the two key parameters.
Since the surface damage threshold of fused silica optics has been significantly promoted in recent years by using advanced surface modification methods, e.g., HF-based etching [19] - [22] , the SBS-induced surface damage is becoming more prominent and important. In this study, the SBS process was numerically studied based on the coupled-wave theory and the coupling equations were solved by the finite difference method. The effect of the laser pulse shape, material thickness and surface reflectance of the optics on Stokes-light intensity and induced stress were systematically investigated. Further experimental researches were then carried out to verify the results of the theoretical calculations and strengthen our understanding of the SBS phenomenon.
Theoretical Model
As mentioned above, SBS always involves the coupling of the incident laser beam, acting as a pump, and a frequency-shifted scattered light. During the SBS process, the electromagnetic wave in the material will generate an electrostrictive force which is linearly dependent on the quantity ∇(E 2 ). When the pulse width of the pump light is in the order of nanoseconds, the intense acoustic wave will be produced by the electrostrictive effect. In the case, the scattered Stokes wave will be produced as the acoustic wave generating a modulation in the material, which then produces a polarization current. Thus, the pump optical wave, acoustic wave, and scattered Stokes wave will couple to each other and an amplification process will be established when the intensity of pump light is high enough. The coupling geometry of the three wave-vectors for SBS in an optical material is illustrated in Fig. 1 . In this work, only the propagation of linear parallel polarized pump light and Brillouin-Stokes lights is considered (θ = π) to maximize the acoustic frequency. The Stokes and pump light waves are respectively backward and forward traveling.
Two equations can be used to describe the coupling relationship between linearly polarized forward (pump light) and backward (Stokes light) pulses associated with the intense acoustic wave created by electrostriction [23] - [25] :
where E is the electric field intensity in the material; ρ 0 is the mean density of the material without any external light field; ρ is the variation of the density in the light field; α a is the decay coefficient of the acoustic wave in the material, which is usually in the range of 10 −2 − 10 −3 cm −1 for optical glasses [26] ; n is the refractive index of the material; c is the velocity of light in a vacuum; ν a is the velocity of the acoustic wave in the material; γ is the electrostrictive coefficient of the material. Terms associated with the light loss have not been considered in Eq. (1) since their quantities are small enough.
When electrostriction exists, the propagating equation of the laser field and the density wave equation can be obtained through slow varying envelope approximation and neglecting the mismatched items of the wave vectors. The three-wave coupling equations can be expressed as:
where ε 0 is the vacuum permittivity; A P , A S and A a are the amplitudes of the pump light field, Stokes light filed and acoustic wave filed, respectively; f(x, t) is the noise source of Langvin [27] , which is a Gaussian random variation referring to the thermal fluctuation of the material density. The " * " character represents the conjugate function of the corresponding variables.
Then the coupling equations were solved by finite-difference time-domain method. Explicit difference strategy was applied to solve the equations so as to simplify the calculation and improve the accuracy of the results. Considered the propagating directions of the pump light, Stokes light and acoustic wave, we chose backward difference for pump light and acoustic wave and forward difference for Stokes light. The corresponding difference equations of the coupling waves can be 
where τ and h are the time and space steps for the difference, respectively; Accordingly, the superscript j refers to the time series, and subscript k refers to the space series. It's important to calculate the stress distribute in the material which can be used to reflect the likelihood of damage due to SBS. There is some clear evidence that damage threshold changes with stress in the material [28] . The stress field σ induced during the SBS process can be given by solving the following equation:
where E Y is the Young's modulus, A a (x, t) is the wave equation of the material, which can be found from Eqs. (6)- (8).
Numerical Calculations

Spatial Distribution of SBS-Induced Stress
The spatial distribution of SBS-induced stress in the bulk of fused silica was first calculated by the aforementioned model. Tophat beam was used as the pump light. The pump-light intensity I P was set to be 2 × 10 15 W/m 2 . The intensity of the injected seed light can be obtained from the following equation:
where R re f is the reflective index of the rear surface, and R St , which is the energy rate of the Stokes light in the reflective light, was set to be 1 × 10 −5 in the calculation. γ can be obtained from the Lorentz-Lorenz equation:
The thickness of the fused silica optic was set to be 10 mm. Other detailed physical parameters of fused silica used for the calculation are shown in Table 1 . Fig. 2 shows the stress distribution in the bulk of fused silica with different pulse durations of pump light during the SBS process. It can be noted that the SBS-induced stress was increased with the pulse duration of the pump light. When the pulse duration was 8 ns, the maximum stress reached about 90 MPa. It is because the number of photons increased with the pulse duration of the pump light. Accordingly, the number of phonons transformed by photons was increased, causing the enhancement of the SBS effect. It's important to note that the maximum value of the SBS-induced stress was located at about 200 μm below the front surface of fused silica. The results indicated that the SBS-induced damage can readily initiate near the front surface of fused silica optics. In other word, the SBS-induced stress field will propagate from near-front-surface in the bulk to the front surface and initiate the surface damage.
The Effect of Pulse Shape on SBS-Induced Damage
By solving the coupling equations, we can obtain the dependences of the Stokes light intensity and the SBS-induced stress field upon the pulse duration of the pump light. Three typical laser pulse shapes, tophat beam, Gaussian pulse and focused Gaussian pulse, were chosen during the calculation.
Tophat Beam:
We first calculated the SBS process induced by a continuous tophat beam. The intensities of the incident pump-light I P and the injected Stokes seed-light I S used for the calculation were 2 × 10 15 W/m 2 and 1 × 10 8 W/m 2 , respectively. Fused silica material has a different refractive index n for various laser wavelengths. For the given laser wavelengths of 351 nm, 532 nm and 1064 nm, the refractive indexes were 1.4765, 1.4607 and 1.4496, respectively. During the calculation, the total pulse duration was fixed to be 40 ns. Fig. 3 shows the dependence of the Stokes light intensity on the pulse duration of the pump light with different laser wavelengths. For a laser wavelength of 1064 nm, the Stokes light was always zero, suggesting that the SBS process could not be excited at this laser wavelength. For the wavelengths of 532 nm and 351 nm, the Stokes light was excited obviously. It's due to laser pulse with shorter wavelength having a higher laser frequency. The photos energy was increased with the laser frequency, causing the enhancement of the Stokes light intensity. And the intensities of the Stokes light enhanced dramatically with increasing the pulse duration and then decreased very slowly with the pulse duration further increased. The maximum intensities of the Stokes light for the two laser wavelengths were obtained when the pulse durations were 10 ns and 34 ns, respectively. Fig. 4 reveals the dependence of SBS-induced stress on the pulse duration of the pump light with different laser wavelengths. For the laser wavelength of 1064 nm, no stress field was observed, which was due to the nonexistence of the Stokes light (see Fig. 3 ). When the laser wavelength was 532 nm, the stress field increased slowly with the pulse duration of the pump light and reached the maximum (98 MPa) at 40 ns. There was a great increase in stress field with the laser wavelength of 351 nm, suggesting short wavelength laser (such as frequency-tripled laser) could strengthen the SBS effect. The maximum stress value could be increased to about 140 MPa within only 25 ns and then kept steady. According to the classical coupled-wave theory, the transient gain of the scattered light can be given by the following equation [29] :
where g s is exponential gain coefficient of SBS, which can be expressed by
Noted that g s is in proportion to the pump light frequency w P . When the pump light frequency changed from fundamental frequency (ω) to tripled frequency (3ω), the g s accordingly increased with ω P , causing an exponential increase of the Stokes light intensity. In the case, the stress field in the material will be greatly enhanced due to strong gain by the acoustic wave field.
Gaussian Pulse:
The SBS process induced by a Gaussian laser pulse was then investigated numerically. During the calculation, the total pulse duration was also fixed to be 40 ns. By changing the pulse width of the incident pump light (5 ns, 10 ns and 20 ns, respectively), the dependence of the Stokes light intensity on the pulse duration of the pump light was obtained. It can be seen from Fig. 5 that the intensity curves of the Stokes light presented sharp pulse-peaks with the pulse widths of ∼1 ns, which might be associated with the optical pulse compression [30] . It is important to note that the pulse width of the pump light had no obvious effect on the Stokes light intensity, suggesting that the three-wave coupling effect might reach saturation during the SBS process. But the response time for exciting the Stokes light appeared to be influenced by the laser pulse width. Larger pulse width of the Gaussian laser had a shorter response time because it was faster to get the required energy for SBS, as shown in the inset of the Fig. 5 . Fig. 6 shows the dependence of SBS-induced stress field on the pulse duration of the pump light. For all pulse widths of the pump lights, the establishing times of the stress field were consistent with the response times for exciting the Stokes light. Also, it was earlier to establish the stress field with a higher pulse width of the pump light. For the pulse width of 20 ns, only 8 ns was required for Fig. 7 . Diagram of the of the laser system used for the theoretical calculation. The inset in the top right corner shows the focal spot radius of the laser beam in the bulk material along x direction, which was calculated using optical transmission matrix method [31] . The pulse widths of the incident pump-lights were also chosen to be 5 ns, 10 ns and 20 ns, respectively. The total pulse duration was also fixed to be 40 ns for the calculation. establishing the stress field (blue line in Fig. 6 ), which was 12 ns earlier than that for the 5 ns pulse width (black line in Fig. 6 ). It can be also seen that the SBS-induced stress raised sharply within several nanoseconds and then began to decline. It is because the pump light intensity complies with Gaussian distribution and the intensity change will influence the required energy for SBS. The decrease of the pump light intensity will greatly constrain the generation of SBS. The sharp stress decline within such a short time would increase the stress difference per unit time, which could probably be an origin for mechanical stress damage.
Focused Gaussian Pulse:
Focused Gaussian laser-beams with specific focal-spot size and light intensity are widely used in high power laser systems. Here, we investigated the effect of the pulse duration of this kind pump light on the Stokes light intensity and induced stress field with different laser pulse-widths. A 351 nm pump light was focused by a lens with the focal length was 1.5 m. The focal spot was located behind the rear surface of the fused silica sample. The detailed parameters of the laser system used for the calculation are shown in Fig. 7 . Fig. 9 . Dependences of the SBS-induced stress field on the pulse duration of the pump light with different laser pulse-widths. Focused Gaussian pulse was used for the calculation. The wavelength of the pump light and sample thickness were 351 nm and 50 cm respectively. Fig. 8 presents the dependence of the Stokes light intensity on the pulse duration of the pump light. Similar pulse peaks of the Stokes-light intensities with the pulse width of ∼1 ns were observed from the figure, which was also attributed to a typical pulse compression behavior. The intensities of the Stokes light were enhanced within very short time causing a sudden increase in SBS effect. Following the pulse compression, it can be noted that wave packets with low intensity and large width were formed for each pulse width. The width of the wave packets increased with pulse width of the pump light. The wave packets tended to merger with the pulse peaks of the Stokes-light intensities.
We also calculated the dependence of the induced stress field on the pulse duration of the focused Gaussian laser (Fig. 9) . It can be noted that the SBS-induced stress was very pulse width dependent for the focused Gaussian pulse. With the same pulse duration, the stress value increased with the pulse width. For the pulse width of 20 ns, the maximum stress induced by the focused Gaussian pulse was about 40 MPa, which was much higher than that induced by the unfocused Gaussian pulse. It is important to note that the SBS-induced stress raised gently within a much longer time and then declined with nearly the same slopes for all the focused Gaussian lasers with different pulse widths, which was very different from the obtained trends for all the unfocused Gaussian lasers with different pulse widths (see Fig. 6 ). It's probably because the photons energy in different positions of the sample was the same for unfocused lasers while that was different for focused lasers. So, the three-wave coupling process for focused lasers would need more time. Therefore, for the focused Gaussian pulse, the SBS-induced damage might be dominated by the maximum stress, followed by the stress difference per unit time formed during the SBS process.
The Effect of Material Thickness on SBS-Induced Damage
Considering the three-wave coupling region during the SBS process is associated with the thickness of the fused silica optics, here, we numerically investigated the dependence of the maximum stress on the material thickness. Tophat beam was used for the calculation, during which the intensities of incident pump-light and injected Stokes seed-light were set to be 2 × 10 15 W/m 2 and 1 × 10 8 W/m 2 , respectively. As shown in Fig. 10 , three regions can be divided by two l values (1.5 mm and 50 mm) to describe the maximum stress as a function of material thickness: (1) oscillation region; (2) sensitive region; (3) saturation region, respectively. When the thickness was lower than 1.5 mm (region 1), very little stress could be generated by SBS process because the low material thickness offered Fig. 10 . Dependence of the material thickness on the maximum stress induced during SBS process. Tophat beam was used for the calculation. The wavelength of the pump light and the pulse width were 351 nm and 9.3 ns. Fig. 11 . Relationship between the maximum stress induced by SBS and the surface reflectance of fused silica. Tophat beam was used for the calculation. The wavelength of the pump light and the pulse width were 351 nm and 9.3 ns. low gain length for SBS effect. In the region 2 (1.5 mm < l < 70 mm), it was very sensitive for SBSinduced stress when increasing the material thickness, suggesting that beneficial gain length could be optimal in this region for generating SBS effect. When further increasing the material thickness (l > 70 mm), the maximum stress value appeared to be close to steady. We believed this steady process for the maximum stress induced by the SBS effect was resulted from the saturation effect of the three-wave coupling. The results also indicated that the SBS effect induced in this region might have no effect on the damage initiation if the maximum stress did not exceed the maximum tensile strength that fused silica could endure, even though the material thickness increased up to 100 mm. In fact, the self-focusing effect may also responsible for the actual result of laser damage especially when the sample thickness is very large. The self-focusing effect generally results from the heat absorption in local high-temperature region produced by plasma shielding [32] , [33] . Furthermore, the modulational instability induced by the coupling between SBS and self-focusing could provoke the laser damage. Fig. 12 . Comparison of damage morphologies on (a) front surface and (b) rear surface of the same fused silica sample. A focused laser beam was used in the damage test with the focal spot locating on the rear surface. Before the test, both front and rear surfaces of the sample were treated by dynamic chemical etching process. The test setup and detailed parameters used in the test have been described in Ref. [22] . (c) a schematic representation of the formation of front and rear damage in fused silica optics.
The Effect of Surface Reflectance on SBS-Induced Damage
To investigate the effect of surface reflection of fused silica optics on SBS-induced damage, we numerically established the relationship between the maximum stress induced by SBS and surface reflection of fused silica, as shown in Fig. 11 . Noted that the maximum stress increased with the surface reflection of the optics. According to the time-function Fourier theory, there must be a spectral distribution for light vibration if the duration is limited. Thus, the reflective light inevitably contains some vibration portions which are corresponding to the seed-light frequency of the Stokes light. When the pump light is normally incident to the rear surface of the sample, the reflective light will propagate in the opposite direction of the pump light. There will be more vibration portions matching the seed-light frequency of the Stokes light if the optical materials have a higher surface reflectance. It can be also noted that there was a sharp increase in the maximum stress when the surface reflectance R increased from 0 to 3%. Then the increase degree of the maximum stress became much weaker when further increasing the R (>3%). The results indicated that the antireflective treatment on fused silica surfaces will be very important to prevent from the SBS-induced damage.
Experiments
The propagation of frequency-tripled light (355 nm) through large-aperture optical components of high-power laser system often causes fracture damage in the bulk or near the front surface of the optics. This damage is believed to be attributed to the mechanical stress damage induced by SBS. It is seen from the calculated results in Fig. 2 that the maximum SBS-induced stress was located at ∼200 μm below the front surface of fused silica. We also observed the similar results from experiments using optical microscope. As shown in Fig. 12 , the damage morphologies on the front and rear surface of a high-threshold fused silica were very different. On the rear surface, the damage morphology exhibited discrete craters (see Fig. 12(b) ), which has been reported before [34] . Nonlinear or defect-assisted absorption processes were responsible for the physical mechanism. Ultrafast material melting and subsequent resolidification might occur in the laserdamaged cores where the melt materials were completely taken away by shock wave and plasma. In contrast, damage morphology on the front surface looked like some protuberances crushing each other (see Fig. 12(a) ), which has also been observed by others [35] . We thus attributed this phenomenon to a typical SBS process, during which large stress fields formed and propagated from near-surface to the surface of the optics. Due to the strong decay of high-frequency phonon, stress propagation often accompanied by rapid material heating and associated thermal expansion, also generating shock waves and plasma. Such ultrahigh temperature/pressure and shock waves would cause phase transformations, plastic deformation, and the formation and propagation of cracks in the surrounding (cold) material [36] . In fact, some papers have reported morphological difference before and demonstrate this difference may originate from the plasma shielding phenomenon [16] , [37] . The corresponding processes of rear and front surface damage are schematically shown in Fig. 12(c) .
Finally, we experimentally investigated the effects of material thickness and surface reflectance on damage performance of fused silica optics. Samples with different material thickness of 0.3 mm, 0.7 mm, 1.0 mm, 1.5 mm, 5 mm, 10 mm, 20 mm and 30 mm were chosen for the experiments. Prior to the damage test, all the samples were undergone a strict dynamic chemical etching (DCE) processing to efficiently remove both polishing redeposition layer and fracture-induced electronic defect layer. This DCE process, which associated with weak alkali cleaning, inorganic acid cleaning and HF-based etching, have been previously reported in detail [22] . LID test was performed using a tripled Nd: YAG laser providing polarized 351 nm and a 9.3-ns pulse duration (FWHM). A near flat-top beam with a 0.9 mm(1/e 2 ) beam diameter was provided through a telescope and a focusing lens. The damage imaging system is digital optical microscopic with a 3.1 Megapixel CMOS USB 2.0 Camera, which provides 2-μm resolution images of the sample surface immediately before and after each laser pulse. The observations have been made on the front surface. The layout of the LID testing system can be found elsewhere [38] . R-on-1 strategy was used for the test, which has been described in detail previously [39] . 13 shows the relationship between laser-induced damage threshold and material thickness of fused silica. It can be seen from Fig. 13 that the damage threshold strongly depended on the material thickness. When the thickness increased from 1 mm to 30 mm, the damage threshold decreased by 55% (from 25 J/cm 2 to 16 J/cm 2 ). This is because the gain length for generating SBS effect is increased when increasing the material thickness. In the case, the SBS-induced damage can readily initiate which is very consistent with the calculated results in Fig. 10 . It can be also noted that there was a slight decrease in damage threshold when the material thickness decreased from 1 mm to 0.5 mm. From the result in Fig. 10 , when the material thickness was lower than 1 mm, the SBS process still in an oscillation region where the gain length was not enough for exciting the SBS effect. The damage performance thus was dominated by the prior processing quality of the fused silica optics. For manufacturing such thin optics, the polishing and grinding processes were relatively difficult, which probably resulted in the degradation of surface quality.
To investigate the effect of surface reflectance on damage performance of fused silica, we improved the surface reflectance of the sample (1.5 mm thick) by coating optical film to make the optical surfaces with good UV antireflection performance. The surface reflectance of the samples with and without antireflective film is shown in Fig. 14 . Noted that the surface reflectance of the sample with antireflective film was decreased from 8.3% to 2.7% at 351 nm. Fig. 15 shows the damage probability of the samples with and without antireflective film. It can be seen that the damage performance of the sample with antireflective film was dramatically increased comparing to that of the sample without antireflective film. Especially, after the optical antireflection, the 100% probability damage threshold of the sample increased from 17.0 J/cm 2 to 20.5 J/cm 2 . As shown in Fig. 11 , high reflection can provide more vibration portions which are corresponding to the seed-light frequency of the Stokes light generating more serious SBS-induced stress field. After the optical antireflection, the stress field induced by the SBS effect will be weakened, which reduces the mechanical stress damage probability of the optics.
Conclusion
Systematical investigation of SBS-induced damage behavior of fused silica and its influential factors have been conducted through experiments and theoretical calculations. It is demonstrated that SBSinduced damage often occurs on/near the front surface of fused silica when the optical surface is irradiated by high-power laser pulse in UV. Tophat beam can significantly enhance the SBS-induced stress. The stress field induced by Gaussian pulse is relatively weak and in form of a sharp peak due to the typical pulse-width compression effect. By focusing the Gaussian pulse, the maximum stress is increased dramatically, which may have an adverse effect on damage performance of fused silica optics. Large material thickness can offer enough gain length to induce SBS effect and accordingly increase the damage probability. And SBS effect is difficult to induce at low material thickness, e.g., lower than 1 mm. Surface antireflection of fused silica is beneficial for decreasing the SBS-induced stress and constraining the associated damage initiation. The results of the experiments and the calculations agree well, which provide a favorable reference for further understanding the damage mechanism of fused silica in high-power laser systems.
